Background: Recurrence remains a challenge in Clostridium difficile infection (CDI), and in this field fecal microbiota transplantation (FMT) has attracted significant interest. Network meta-analysis (NWM) has been established as an evidence-synthesis tool that incorporates direct and indirect evidence in a collection of randomized controlled trials. So far no NWM exists concerning therapeutic interventions for recurrent CDI (rCDI). Objective: In this NWM we assessed the comparative effectiveness of various therapies for rCDI to examine the efficacy rank order and determine the optimum therapeutic approach. Methods: A Bayesian network meta-analysis was performed to investigate the efficacy rank order of rCDI interventions. Results: Six eligible RCTs were entered into an NWM. They included 348 rCDI patients, in whom seven therapeutic interventions were used, i.e. donor fecal microbiota transplantation (DFMT), vancomycin, fidaxomicin, vancomycin þ DFMT, vancomycin þ bowel lavage, autologous FMT and placebo. DFMT showed the highest efficacy in comparison with vancomycin [odds ratio (95% credible interval), 20.02 (7.05-70.03)] and fidaxomicin (22.01 (4.38-109.63)). Conclusion: This NWM showed that DFMT is the optimum therapeutic approach for rCDI, as it was the most efficacious among various therapeutic interventions, particularly in comparison with commonly used antibiotics such as vancomycin or fidaxomicin.
Introduction
Clostridium difficile (currently called Clostridioides difficile) infection (CDI) is today considered the most common hospital-acquired cause of diarrhea, and it is estimated that over recent decades the global incidence of this infection has greatly increased. Additionally, CDI outbreaks have been related to dire consequences concerning morbidity and mortality. The burden of CDI has become a challenge for health care policies, and it is estimated that in the United States, per year, CDI accounts for almost US$5 billion in health care costs and almost 29,000 deaths. [1] [2] [3] The most accepted theory for the pathogenesis of CDI supports the notion that antibiotic use might alter intestinal microbiota composition, thus permitting pathogenic toxin-producing C. difficile strains to colonize the intestine. Initial CDI episodes are usually treated with metronidazole or vancomycin, but a substantial percentage of these patients, after an initial amelioration, experience recurring CDI (rCDI), which is usually treated with a regimen of antibiotics. [1] [2] [3] However, taking into account their poor treatment results for rCDI, efforts for new treatments are still being sought. [4] [5] [6] [7] Among these attempts, the utilization of gut microbiota from a healthy donor to restore the patient's microbiota by infusing a liquid suspension of the donor's stool, the so-called fecal microbiota transplantation (FMT), has attracted significant interest. It is noteworthy that despite the fact that FMT was first performed in humans many decades ago, 8 this therapy has not been widely accepted as a treatment modality, probably for reasons related to acceptability and safety. However, there is growing interest throughout the world, and apart from CDI, its utility has been extended to other conditions including inflammatory bowel disease 9, 10 and irritable bowel syndrome, 11 two diseases that are considered to have pathogenetic links to intestinal microbiota.
There are existing systematic reviews examining FMT effectiveness in CDI, [12] [13] [14] [15] [16] but the majority of them have concentrated on case series evidence and not randomized controlled trials (RCTs). Recently two conventional pairwise meta-analyses 17, 18 included RCTs comparing donor FMT (DFMT) with various other therapies for rCDI. However, some of the RCTs have more than two branches in their design, and additional new, relevant RCTs are available, meaning that a reexamination of the current evidence is warranted. Network meta-analysis (NWM) has been used as an evidence-synthesis tool that, in a collection of RCTs with multiple treatments, provides information concerning the relative effects of three or more interventions competing for a similar result. [19] [20] [21] Since there is no NWM concerning rCDI, the aim of this NWM was to assess the relative efficacies of various rCDI therapeutic interventions evaluated in relevant RCTs.
Methods

Identification of studies and data extraction
In this NWM for identification of studies and data extraction, we followed steps as described in our earlier publications. 22 Thus, PubMed /MEDLINE and Embase databases were searched up to December 2018 to identify English-language human studies using the following search text and/or Medical Subject Heading terms: ''clostridium infections'' OR ''clostridium'' AND ''infections'' OR ''clostridium infections'' OR ''clostridium'' AND ''difficile'' AND ''infection'' OR ''clostridium difficile infection'' AND ''therapy'' [Subheading] OR ''therapy'' OR ''treatment'' OR ''therapeutics'' OR ''therapeutics'' AND ''fecal microbiota transplantation'' OR ''fecal'' AND ''microbiota'' AND ''transplantation'' OR ''fecal microbiota transplantation.'' In addition a manual search of all review articles, published editorials and retrieved original studies was performed. Two authors (T.R. and J.P.G.) independently extracted data from each study. Any disagreement was settled after discussion with a third author until consensus was reached. This NWM was performed according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses extension statement for interventions, 23 whereas the rating of the quality of RCTs was achieved by using the Grading of Recommendations Assessment, Development and Evaluation Working Group modality. 24 Furthermore, we appraised the confidence in estimates derived from the NWM. 25 In this process the construction of a contributions matrix depicting the contribution of each direct piece of evidence to the NWM results and also the construction of a bar graph depicting the risk of bias (RoB) for each network estimate, as well as the entire network, aids in assessing the quality of evidence in the NWM.
Selection criteria
We defined the inclusion and exclusion criteria prior to commencement of the study search; thus, suitable studies were included in the meta-analysis provided that the following criteria were met:
(1) They were published as articles or abstracts or presented at a congress of a recognized medical society, (2) they were written in English and (3) they were RCTs comparing FMT with other rCDI therapeutic interventions. The primary outcome assessment in these RCTs was the resolution of CDI-related symptoms, without the need for additional CDI treatment during the follow-up period. Studies that did not fulfill these inclusion criteria were excluded.
Statistical analysis
The j coefficient was used to evaluate the study selection process between the two reviewers. For pairwise meta-analyses and assessment of heterogeneity, we followed the methodology as we have previously described. 22 In addition to heterogeneity we assessed inconsistency, since this is crucial when conducting an NWM. 25 We constructed comparison-adjusted funnel plots and checked their symmetry to evaluate whether small-size trials influence the efficacy results. Surface under cumulative ranking (SUCRA) values were used in rankograms for the rCDI intervention network to examine the cumulative rank probability for each intervention concerning the efficacy achieved by this intervention in comparison to an ideal intervention that shows the best efficacy without doubt, i.e. SUCRA ¼ 1 or 100% when expressed as a percentage. [19] [20] [21] Data were processed by using software suitable for Bayesian NMA, i.e. Stata 13.2 (StataCorp, College Station, TX, USA) 19, 20 and NetMetaXL. 21 A p value < 0.05 reflected significance for all tests, except for heterogeneity, for which the respective value was 0.1.
Results
Characteristics of studies
A flowchart depicting the study selection is illustrated in Figure 1 . Thus, out of 643 titles yielded by the initial search, six RCTs [26] [27] [28] [29] [30] [31] were in the end eligible for metaanalysis. Reviewers' agreement concerning the selection of studies was high (j ¼ 0.97; 95% confidence interval (CI) 0.94-1). The characteristics of the six involved RCTs are shown in Table 1 . They were conducted in different geographic locations and when combined included 348 patients. The network and intervention characteristics together with direct pairwise comparisons are shown in Table 2 . Briefly, there were two RCTs with three branches 26, 31 and four RCTs with two branches. [27] [28] [29] [30] In these RCTs there were seven therapeutic interventions, i.e. A ¼ donor FMT (DFMT), B ¼ vancomycin, C ¼ vancomycin plus bowel lavage (BL), D ¼ autologous FMT (AFMT), E ¼ vancomycin plus DFMT, F ¼ placebo, and G ¼ fidaxomicin. There were eight pairwise comparisons with 10 sets of direct data and a total of 21 possible pairwise comparisons ( Table 2 ). In the eight pairwise comparisons with direct data, DFMT proved to be superior to other interventions, i.e. vancomycin, fidaxomicin, DFMT plus vancomycin, AFMT and placebo. There was significant heterogeneity across studies (Q value ¼ 8.66, I 2 ¼ 88.45%, p ¼ 0.003), whereas there was no statistically significant publication bias. One of the causes of the observed heterogeneity might be related to delivery modalities that had been used for FMT, i.e. nasogastric or nasojejunal tube, upper gastrointestinal (GI) endoscopy, colonoscopy and enemas. Concerning quality, overall the RCTs were assessed at the low to moderate end of the rating scale mainly because of lack of blinding, as four out of six (67%) were unblinded (open label) and in addition were underpowered.
Network meta-analysis (a) Network map. The network map of the rCDI therapeutic interventions included in the six RCT studies is depicted in Figure 2 (a). In this map the node size reflects the number of patients allocated to each treatment, whereas the edge thickness is in proportion to the precision, i.e. the inverse of variance of each direct comparison. 25 (b) Network plots. The network forest plot is shown in Figure 2 (b), which also shows that the evaluation of inconsistency yielded insignificant overall results, meaning that the comparative effect sizes that were obtained by direct and indirect comparisons are consistent. The relevant funnel plot (Figure 2(c)) appeared symmetric, reflecting the lack of effects from small studies in the network. The contribution of each comparison in the network is demonstrated in the constructed contribution plot (Figure 3(a) ). This plot shows that the comparison of DFMT vs vancomycin had the greatest contribution to the entire network (20.1%). The associated bar graph (Figure 3 (b)) depicts the bias risk for each network assessment, demonstrating the volume of information originating from high, unclear and low risk of bias studies (Figure 3 DFMT showed the highest efficacy in comparison with vancomycin, AFMT and fidaxomicin (odds ratios (ORs) (95% CrI), 20.02 (7.05-70.03), 6.42 (1.28-57.74) and 22.01 (4.38-109.63), respectively). Efficacy comparison between vancomycin and fidaxomicin showed no statistically significant difference (1.06 (0.32-3.49)). (Figure 5(b) ). Thus, the SUCRA value for DFMT was 99.1%, whereas the respective SUCRA value for fidaxomicin represented the least efficacious regimen ( Figure 5(b) ).
Discussion
The significance of the gut microbiome in human inflammation and disease has attracted considerable international interest in recent decades. In particular, DFMT has gained attention as a valuable treatment option for patients with CDI, and conventional pairwise meta-analyses have highlighted its efficacy in treating CDI. However, the majority of pairwise analyses have focused on evidence from case series. The present NWM included all relevant RCTs investigating treatments for rCDI and showed that, among the various therapeutic interventions, DFMT was the most efficacious, particularly in comparison with antibiotics commonly used, i.e. the older vancomycin treatment and the newer fidaxomicin regimen. In this context there was no therapeutic superiority of either of the two antibiotics, i.e. vancomycin versus fidaxomicin, in their pairwise comparison. For acute diarrhea, however, a relevant RCT 7 showed that fidaxomicin and vancomycin had equal results concerning its resolution, but more sustained resolution was achieved with fidaxomicin. This finding might be due to lesser impairment of the intestinal microbiome during treatment of the infection.
As the RCTs included in this NWM differ in their design, the results should be interpreted with caution. Thus, the use of bowel lavage before FMT 26 or repeated FMT 27 may influence the effect of FMT. In addition the results of the comparison of vancomycin vs DFMT should also be interpreted carefully, especially in the context of overall low to moderate quality of evidence. It is noteworthy that one RCT 28 showed a high clinical cure rate after AFMT in the patients from New York as opposed to Rhode Island. One of the possible explanations might be the higher use of fidaxomicin in the New York group, which may cause less dysbiosis, so AFMT may not be ''inert'' because of changes in the FMT during processing. In addition to the above, the good placebo response finding in another RCT 30 should be noted. This finding was unexpected and may suggest that in a number of enrolled patients rCDI may not have been active. However, since there is no obvious explanation, further exploratory studies are needed to interpret possible underlying reasons for this placebo performance.
While this NWM suggests DFMT is the best intervention for rCDI after antibiotics have failed, there are still unanswered problems to be addressed before this therapeutic modality can be recommended as the routine therapeutic standard, despite being reported decades ago. Thus, across the existing reports there are challenges related to classification, research definitions, delivery routes and in addition matters connected to FMT donor type, i.e. unrelated vs patient-selected (traditionally close relative or spouse). Some of the above challenges were addressed recently in some RCTs and in a pairwise meta-analysis. 18 Thus, it seems that frozen/thawed fecal material, which is an easier method to reduce the pressure on a donor to provide feces on the day required, is as effective as fresh FMT. 32 Toward this, capsulated forms of frozen or lyophilized material might be the solution. 33 However, some early RCT findings 34 are not as promising as expected, and therefore more RCT data are needed. Concerning delivery route, it seems that the nasoduodenal or colonoscopic routes might be more effective than enemas. It must be said, however, that despite all the problems, for some patients FMT may be the only therapeutic option. One important matter that frequently comes to light in relation to FMT concerns safety. From this point of view in this NWM, as shown in Table 1 , only mild transient events, such as abdominal pain, bloating, nausea, vomiting, flatulence, anorexia, constipation, fatigue and diarrhea were reported in all RCTs, which were similar among treatment groups. However, FMT safety remains an important issue when FMT is considered as a therapeutic option.
The lack of significant inconsistency strengthens our results. However, despite the positive and optimistic messages concerning DFMT effectiveness in rCDI that emerge from this NWM, some limitations should be stressed. The main limitation is related to the fact that the studies involved in this NWM were assessed as being of low to moderate quality when considering factors such as blindness and power. These reflect some risk of bias through the overall appraisal of confidence in estimates. Other limitations are related to -- different FMT protocols used in the involved RCTs. For example, there was heterogeneity concerning the delivery modalities that had been used for FMT, i.e. nasogastric or nasojejunal tube, upper GI endoscopy, colonoscopy and enemas. From this point of view, standardized methodology is important concerning research and clinical perspectives alike. An additional potentially important limitation may be related to the heterogeneity of enrolled patients infected, according to C. difficile ribotype. For example, one of the six meta-analyzed RCTs 31 did not include patients infected with C. difficile ribotype 027 and therefore their results may not be extrapolated to settings with a high frequency of this ribotype. It is noteworthy that the trials in this NWM mostly enrolled patients with lesssevere disease on the rCDI spectrum (mostly diarrhea) and therefore the question is pending as to whether DFMT is effective in patients with severe CDI. Toward this, Ianiro and colleagues 35 recently published an RCT comparing single vs multiple FMT infusions and showed that in refractory-to-antibiotics, severe (pseudomembrane-driven) CDI, multiple infusions and concomitant vancomycin were more effective in comparison with a single fecal transplant followed by vancomycin.
In conclusion, the results of this NWM show that DFMT holds a high position in the therapeutic armamentarium for rCDI. This finding is expected to be taken into account in future therapeutic guidelines. However, since there are a number of questions still to be answered, well-designed RCTs and long-term follow-up registries are needed to ensure the efficacy and safety profile of DFMT.
